Long-term inapparent infections were established in continuously grown uncloned AYdes aegypti mosquito cells inoculated with Semliki Forest virus and incubated at 28 °. This response of mosqtlito cells to infection, which contrasts with the outcome of infection by the same virus of mammalian cells at 37 °, was due to a small proportion of virus-producing cells in the culture, and a low yield of virus per infected cell.
INTRODUCTION
Mosquito-borne viruses have been propagated in growing primary AO'des aegypti mosquito tissue culture (Peleg, I968a) and in continuously grown mosquito ceils (Converse & Nagle, 1967; Filshie & Rehacek, 1968; Singh & Paul, 1968; Peleg, 1968 b) . In mammalian cells at 37 ° infection by these mosquito-borne viruses is shortterm and cytocidal (Casals & Clarke, 1965) but infection by the same viruses in primary as well as in continuously grown mosquito cells, as in intact A~des aegypti mosquitoes, is persistent and inapparent and only exceptionally cytocidal (Minas, Day & Marshall, 1966; Filshie & Rehacek, I968 ) .
This investigation is an extension of a previous study on mosquito-borne viruses in continuously grown Agdes aegypti cells, using as a model Semliki Forest virus. The purpose of this work was to obtain information concerning the mechanism involved in the maintenance of cell + virus coexistence in mosquito tissue culture.
METHODS
The establishment of two mosquito cell lines. The development of a mosquito cell line (' 59') during the years 1967-68 was reported briefly in connexion with virological studies made in these cells (Peleg, 1968 b) . Using similar tissues and techniques later another line was developed, designated as' 364'. Some details and observations on the growth of the cells which were omitted previously are given below. Primary cultures were prepared from tissues of whole Agdes aegypti embryos (Peleg, 1966) . The medium employed for the development of the cell line was similar to that used for the growth of primary cultures. It consisted of a mixture of 80 % of Kilamura's medium, designed for the cultivation of ovarian tissues from the mosquito Culex Pipiens (Kitamura, I965) , lO% of foetal calf serum, and lO% of 'conditioned medium' (medium removed from previous mosquito tissue cultures). Chick embryo extract was added in an amount equal to x % of the medium. The pH of the medium was adjusted to 6.8, by adding a 7"5 % solution of sodium bicarbonate. In contradistinction to the media previously used for growth of primary and of continuously cultured insect cells (Grace, I966), this medium did not contain invertebrate haemolymph. Subcultures were initiated by transferring the floating cells which appeared in primary cultures 4 to 6 months old. These cells attached to glass surfaces and then yielded various types of cell, similar to those usually seen in primary cultures. One of the peculiarities of these cells is that they grow in more than one layer. First a monolayer is formed within 2 to 4 days, comprising cells of various dimensions and shapes including many binucleated cells. These cells are firmly attached to the surface of the culture dish, and cannot, or can only partially, be removed by means of trypsin, EDTA, a combination of both, or by the use of pronase. Subsequently, small rounded and fusiform cells appear in cultures which tend to aggregate into clusters, forming thus a discontinuous layer over the existing monolayer. These cells are loosely attached and are removable as separate cells by shaking gently the culture dishes. Beginning on the tenth day, cells appear floating freely in the medium, their number increasing with the age of the culture. Finally the organization of cells into vesicle-like bodies of various sizes takes place. Loosely attached cells as well as those floating freely serve, even now, when they have undergone over 80 consecutive passages, as the main sources for subcultures. On the other hand the firmly attached cells can be utilized for the perpetuation of the cultures for prolonged periods by repeated feeding with fresh medium and then harvesting the newly produced cells. The number of cells used for subcultures, and the frequency at which they are passaged, is inversely related to the passage levels. At present cells are subcultured at intervals of 4 to 6 days, when 1.5 x Io 5 cells/ml, are used as an inoculum. The cells are grown at 28 ° , but they grow also at 37 ° . At this temperature their lifespan is about 30 to 50 days, whereas cells grown at 28 ° are viable well over Ioo days. They grow equally well at 28 ° in a humidified atmosphere containing 5 % CO2. The cells are being cloned and chromosome studies made. The cells can be preserved at -7 °0 in the presence of 15 % glycerol and 25 % foetal calf serum with good recovery after 6 months (the longest tested period).
Virus. Semliki Forest virus grown in the brains of suckling mice was employed in these studies. The passage history and preparation of seed virus were described by Peleg 0968a).
Infection of mosquito cells and virus assay. All experiments were performed with cell line ' 59' between passages 30 and 70. No differences were found in the susceptibility of these cells to the virus at the different passage levels. Cells were grown in 16 x 150 ram. test-tubes seeded with 1.5 × IO5 cells in I ml. of culture medium, and used 3 or 4 days later when they numbered approximately 6 x lO 5. Infection was initiated by replacing the culture medium in the tubes with I ml. of growth medium containing the appropriate dose of virus. After an adsorption period of 2 hr at 28 ° (or occasionally at 37°), the virus suspension was removed, the cells washed three times in 3 ml. of medium, and I ml. of fresh culture medium added. Unless otherwise stated the cultures were reincubated at 28 °. Subsequently o.I ml. samples were removed at various intervals, pooled and titrated by inoculating volumes of 0"03 ml. intracerebrally in mice, or volumes of o.I ml. into BHK2I cells grown in test-tubes in Eagle's minimal essential medium supplemented with 5 % calf serum. The mouse LD 50 and TCD 50 were calculated according to the method of Reed & Muench 0938). For plaque assays BHK2I cells were grown in plastic Petri dishes, the infected cultures were overlaid with 0"9 % Noble agar in Eagle's medium, and incubated at 37 ° in a humidified COs incubator. Three days later the cultures were stained for I hr with neutral red (I/4ooo) and the plaques counted.
Assay for infective centres, and the determination of the yieM of virus per infected cell. Cells from infected mosquito cultures were removed by gently shaking the tubes.
In this way about 8o ~o of the cells could be harvested, the remaining cells being too firmly attached to be removed. The suspension was vigorously pipetted to disperse aggregates. The cells were then washed five times in 5 ml. of medium, or treated with a I/Io dilution of antiserum for 15 min. at 37 ° in order to neutralize extracellular virus and then washed twice with 5 ml. medium. The cells were then counted in a haemocytometer in the presence of 0"5 % trypan blue and diluted in growth medium to contain the desired number of viable cells/I ml. Infective centres were assayed by seeding o. 5 ml. samples of whole cell suspensions on to BHK cells grown in Petri dishes. After a period of 30 rain. at 37 ° in order to let the virus-infected mosquito cells attach to the BHK cells, the fluid phase was withdrawn, the cells were overlaid and incubated as described before. The number of plaques produced represented the number of infective centres. For the determination of the virus yield per infected cell 0"5 ml. samples from the same cell suspensions were subjected to three cycles of freezing and thawing (resulting in the disruption of all cells), the virus thus released was assayed on BHK cells as described above. The number of p.f.u, obtained divided by the number of virus-producing cells present in the sample from the same cell suspension gives the estimated virus yield per infected cell.
Infection of mosquitoes.
Six-day-old A~des aegypti mosquitoes were infected by the membrane feeding technique (Boorman & Porterfield, I956) . Mosquitoes were encouraged to feed by adding I mg. ATP/ml. of blood+virus mixture (Galun, I967) . After a feeding period of 3o rain. the engorged mosquitoes were separated and transferred to a 28 ° incubator with a relative humidity of 80 ~o. The virus content of the mosquitoes was determined by grinding groups of 2o insects in a chilled mortar in 2 ml. SSP (saline containing Io% antibody-free rabbit serum and Iooo/zg./ml. of penicillin). The suspension was centrifuged at iooo rev./min, for 5 rain. and the supernatant fluid was assayed in mice. Transmission experiments were made by exposing groups of 3-to 4-day-old mice (anaesthetized by injection of 3o/~g. sodium pentabarbitone subcutaneously) to the bites of groups of mosquitoes. Death of the mice preceded by symptoms characteristic of the virus used to infect the mosquitoes was taken as an indication of virus transmission.
RESULTS
Mosquito cells inoculated with Semliki Forest virus at various multiplicities began to release virus about 8 hr after infection. This was followed by a sharp rise in titre and reached peak concentrations by 2 days after infection. Then the titre decreased rapidly and dropped below the initial dose inoculated on day 9 or io after infection. Virus concentration remained approximately the same during the entire test period which, in one case, terminated 2Io days after the initiation of the experiment (Peleg, I968 b) . Cytopathic effect was never observed. It was presumed that this relationship of j. t'ELrG cell and virus could be attributed to one of the following factors: (a) the low temperature at which mosquito cells were grown and maintained following infection, (b) the presence of antiviral substances in the culture medium, or (c) a small percentage of virusproducing cells in the culture and a small yield of virus per infected cell.
The effect of temperature on the growth of virus in mosquito versus BHK cells
Tubes containing mosquito cells or BHK cells were inoculated in parallel with an appropriate virus dilution. Immediately after exposure to virus, half of the inoculated and a corresponding number of uninfected control cultures were transferred to a 28 ° incubator, while the other half of the inoculated cells and corresponding control cultures were placed in a 37 ° incubator. Subsequently at various intervals samples were removed separately from each of the four groups of infected cultures for titration, and the cells were examined for morphological alterations under a light microscope or in giemsa-stained preparations. The process of infection was affected by temperature, but the outcome of infection in both cell systems remained unaltered (Fig. : ). Mosquito cells at 37 ° yielded less virus than the same cells at 28 ° , and the life-span of cultures at 37 ° was shorter than that of cultures at 28 ° , but in both infection was lifelong and morphologically inapparent. In BHK cells kept at 28 ° maximum virus production and complete CPE were delayed in comparison with ceils kept at 37 °, but here again the final results in both were identical, i.e. infection was short-term, leading to complete cell destruction.
Biological properties of Semliki Forest virus grown in mosquito cells, in BHK cells and in the brains of suckling mice
Mosquito cells and BHK cells were infected, then incubated at the same temperatures as before. Subsequently the virus progenies from the various sources were tested and compared.
Pathogenicity to adult mice. Test materials were inoculated into three-to-fourweek-old mice by the intracerebral and intraperitoneal routes. The differences between the intracerebral and intraperitoneal titres of viruses grown in mosquito cells at 28 ° or at 37 ° were of the same magnitude as those observed after inoculation by the same routes of viruses grown in BHK cells or in the brains of suckling mice. 
Behaviour of the virus in BHK cells.
Virus grown in mosquito cells at 28 ° or at 37 ° produced CPE in BHK cells in 2 or 3 days after infection, as did virus derived from the two other sources. Plaques produced by the progenies of the mosquito cells were indistinguishable with respect to size and morphology from those produced by virus from the other two sources.
Behaviour of the virus in intact A~des aegypti mosquitoes.
Groups of A~des aegypti j. PELEG mosquitoes were exposed to virus derived from the different sources. Subsequently, at various intervals samples of 2o insects were removed from each of the five groups of infected mosquitoes, triturated and then assayed for infectivity in mice. Three separate experiments were made and the results averaged (Fig. 2) . The replication of virus derived from different sources followed the same course. The only discrepancy was observed in the group of mosquitoes infected by virus grown in mosquito cells at 37 ° , where samples tested 24 days after infection yielded less virus than the others. Virus transmission by all groups of mosquitoes was positive 8 days after infection, irregular later and negative in experiments performed 24 days after infection.
Test for the detection of antivirus substances in infected mosquito cultures
The possibility that foetal calf serum, or some other ingredients of the mosquito tissue culture medium, might have exerted antivirus activity was ruled out by the observations that reducing the amount of this serum in the medium did not affect the usual course of infection, and that the maintenance of infected BHK cells in the same medium resulted as usual in cytocidal infection. To test whether interferon-like antivirus substances were produced as a consequence of infection, media harvested from infected cultures were inactivated by exposure to 5 60 for I hr, or were acidified to pH 2.o with HCI, stored at 4 ° for 5 days, then brought to pH 7.o with NaOH. Mosquito cells pretreated with these fluids for 18 hr and subsequently exposed to Semliki Forest virus or other mosquito-borne viruses were not protected from infection. Frequent medium changes in infected cultures also did not affect the course of infection. 
Experiments to test the completeness of the release of virus from infected cultures
Since the amount of extracellular virus in the culture medium was usually less than I p.f.u./cell, in spite of the absence of antivirus substances, experiments were made to determine whether release of virus from the infected cells was complete. Medium was removed from infected cultures at different times and assayed on BHK cells for extracellular virus. The cells while in situ were washed five times in 3 ml. of medium, followed by three cycles of freezing and thawing. The virus thus released was assayed on BHK cells as a measure of intracellular virus. The intracellular and extracellular virus titres were all of approximately the same order of magnitude (Table t) 
Determination of the percentage of virus-producing cells in the culture and the yieM of virus per infected cell
The number of infective centres produced by cells from infected mosquito cultures on BHK cells was taken as the number of virus-producing cells. Infective centres and the yield of virus per infected cell were determined as described in Methods. Table 2 . During the first 5 days of infection 2.8 to 8 % of the cells were involved in virus production. As the infection progressed the percentage of cells participating in virus production decreased and between days 6 and 13 0.2 to 0"9 % of the cells produced virus; thereafter until the termination of the experiment (in one, after I4O days) only o.oI to 0"09 % of the cells produced virus. The estimated yield of virus per infected cell was I to 6 p.f.u.
Infecting cells in suspension, exposing the cells to a high multiplicity of virus, or incubating infected cells at 37 ° , failed to increase the percentage of virus-producing cells. Since infection was not accompanied by visible alterations in cells, experiments were performed to determine whether there was any correlation between the decrease in the percentage of virus-producing cells and the percentage of dead cells present in the sample tested. Cells were counted in a haemocytometer by the dye exclusion test in the presence of 0"5 % trypan blue, but the results of these experiments did not show a strict correspondence.
DISCUSSION
While the mechanism of inapparent virus infection in mammalian cells has been studied extensively (Walker, ] 964), only one publication has appeared dealing with a similar phenomenon in cultured invertebrate cells (Rehacek, 1968) . Since Semliki Forest virus is cytopathic for mammalian cells (Casals & Clarke, 1965) , and for salivary glands of intact A~des aegypti mosquitoes (Mims et al. I966), it was of interest to find that the same virus in both primary and established lines of mosquito cells produced inapparent infections (Peleg, 1968 a, b) . One of the most likely explanations for these results seemed to be the low temperature (28 ° ) at which mosquito cells were grown and maintained. In this context two possibilities were considered: that low temperature might shift virus synthesis toward the formation of defective progenies unable to damage the cells, or that it might suppress selectively all but those viruses in a heterogeneous population which are devoid of the capacity to produce CPE. In the first case one would expect that infection of mammalian cells at 28 ° would also lead to an inapparent infection, and that conversely, infection of mosquito cells at 37 ° would lead to a cytocidal infection. However, this was not so. Although the life-span of cultures kept at 37 ° was shorter than that of cultures kept at 28 °, control experiments showed this was due to the unfavourable temperature and not to the effect of the virus. The assumption that varying the temperature might selectively enhance the propagation of a part of heterogeneous virus population was not borne out by experiments since the biological properties of the virus grown in mosquito cells and in two other sources were similar.
The maintenance of cell + virus equilibrium does not seem to be due to the presence of interferon-like antivirus substances. The fact that mosquito cells which had been pretreated with media harvested from infected cultures were not protected from subsequent infection by mosquito-borne viruses, and that the cell + virus equilibrium was not upset by frequent changes of the medium, ruled out this assumption. Furthermore it was observed that cultures infected with Semliki Forest virus could be productively infected by West Nile virus (unpublished data).
The assumption that virus may propagate only in a relatively few susceptible cells was tested by the infective centre method. Even at the height of infection only 8 ~o of the cells in the culture were involved in virus production, with an estimated yield of I to 6 p.f.u./infected cell. It is of interest that Filshie & Rehacek (I968), studying by means of electron microscopy the morphology of Murray Valley Encephalitis virus in cultured mosquito cells, observed virus particles in only about 5 % of the cells.
The number of cells susceptible to infection by Semliki Forest virus seems to be limited, since infection of cells in suspension with a high multiplicity of virus, or incubation of infected cultures at 37 ° , failed to raise the percentage of virus-producing cells.
The types of cells involved in virus production, and the question whether these are the only cells capable of suporting proliferation of viruses, or whether different viruses have different target cells, are at present under investigation.
No CPE has been demonstrated in cultures infected with Semliki Forest virus, not even in cultures which have been infected simultaneously with two or three different viruses (unpublished data). However, the decrease in the percentage of cells producing Semliki Forest virus from a maximum of 8 % to a minimum of o-oi % with a concomitant drop in virus titres indicates that the cells were in some way damaged. These ceils may have deteriorated metabolically, but their death, or the death of a part of them, should not be ruled out, although the information pertaining to this assumption has not provided clear-cut evidence.
The presence of damaged cells in apparently healthy cultures infected with Semliki Forest virus resembles the situation observed in intact A¢des aegypti mosquitoes infected by the same virus. Here also, apart from the cytopathic effect limited to the cells of the salivary glands, the mosquito appears to be healthy.
